Background: Inconsistent results were reported in recent literature regarding the association between methylenetetrahydrofolate reductase (MTHFR) C677T/A1298C polymorphisms and the susceptibility of congenital heart disease (CHD). In this study, we performed a meta-analysis to investigate the associations by employing multiple analytical methods. Methods: Literature search was performed and published articles were obtained from PubMed, Embase and CNKI databases based on the exclusion and inclusion criteria. Data were extracted from eligible studies and the crude odds ratios and their corresponding 95% confidence intervals (CIs) were calculated using random or fix effects model to evaluate the associations between the MTHFR C677T/A1298C polymorphisms and CHD development. Subgroup based analysis was performed by Hardy-Weinberg equilibrium, ethnicity, types of CHD, source of control and sample size. Results: Twenty-four eligible studies were included in this metaanalysis. Significant association was found between fetal MTHFR C677T polymorphism and CHD development in all genetic models. The pooled ORs and 95% CIs in all genetic models indicated that MTHFR C677T polymorphism was significantly associated with CHD 
Introduction
Congenital heart disease (CHD) is one of most common congenital anomalies. CHD is a major cause of fetal loss and death in newborns less than one year of age all over the world. Approximately, CHD accounts for 28% of the major congenital anomalies (van der Linde et al., 2011) . The generally accepted prevalence of CHD was about 8 per 1000 live births, which poses a serious challenge to healthcare (Bernier et al., 2010) . Remarkable progresses have been achieved in CHD diagnosis and cardiac surgery during the past decades, resulting in an increased survival rate of neonates with CHD (Greutmann and Tobler, 2012) . However, more patients with CHD have grown up who comprised of a special population: patients with grown-up congenital heart disease (GUCH) (Khairy et al., 2010; van der Linde et al., 2011) . It was reported that the prevalence of patients with GUCH was estimated to be 4 per 1000 adults. Long-term medical care and related resource cost are needed for patients with GUCH, and rapidly increase healthcare burden.
Since more GUCH patients survive, more are now in childbearing age. Thus, it is very important to characterize the etiology of congenital heart disease, which has not been well understood yet. Several classic studies including the Baltimore-Washington Infant Study have indicated that the cause of CHD was multifactorial, and both genetic background and environmental factors may play important roles in the development of CHD (Richards and Garg, 2010; Shieh et al., 2012) . Importantly, due to the advances in molecular techniques, accumulating evidences have suggested that genetic factors were dominant (Bruneau, 2008) . It was known that a large proportion of CHDs were characterized with aneuploidy or abnormal chromosomal number (Blue et al., 2012; Pierpont et al., 2007) . About 50% of children who were born with Trisomy 21 have atrial and ventricular septal defects or atrioventricular canal lesion. With completion of the Human Genome Project, associations between single gene mutations and CHD have also been extensively studied. It has been reported that the mutations in single genes including TBX5, JAG1, NKX2.5 and GATA4 have been associated with the development of CHD (Basson et al., 1997; Oda et al., 1997; Schott et al., 1998; Zhang et al., 2008) .
The association between folic acid metabolism and the development of CHD has been explored recently. Maternal supplement of folic acid has been proved to reduce the incidence of CHD as well as other congenital heart disease (van Beynum et al., 2010) . Single nucleotide polymorphisms of many genes involved in the folate pathway have been identified to affect the function of the genes or folic acid metabolism and thus increase the risk of CHD (Locke et al., 2010; Shaw et al., 2009) . The flavin adenine dinucleotide-dependent enzyme 5,10-methylenetetrahydrofolate reductase (MTHFR) catalyzes the reduction of methylenetetrahydrofolate to 5-methyltetrahydrofolate, which is required for the remethylation of homocysteine to methionine (Ueland et al., 2001) . Hyperhomocysteinemia was believed to be a high risk for the development of heart defects (Verkleij-Hagoort et al., 2006 . Elevating the level of 5-methyltetrahydrofolate, a major circulating folic acid, prevented CHD by reducing maternal homocysteine plasma level (Lamers et al., 2004) . Therefore, the polymorphisms of MTHFR may be closely related to the risk of CHD. It was reported that two MTHFR SNPs including MTHFR C677T (p.Ala222Val, ID: rs1801133) and MTHFR A1298C (p.Glu429Ala, rs1801131) were potentially associated with CHD (van Driel et al., 2008) . The amino acid transition in MTHFR C677T (Ala-Val) has resulted in a thermolabile protein associated with reduced enzyme activity in vivo, which may increase plasma homocysteine level (Huhta and Hernandez-Robles, 2005) . The MTHFR A1298 C has also been reported to moderately reduce MTHFR activity in vivo (Weisberg et al., 1998) .
To date, a large number of studies regarding the associations between MTHFR gene polymorphisms and risk of CHD have been published. However, the results of these studies were confounding and inconsistent. Herein, we performed a meta-analysis of all published studies until January 2013 to investigate the association between the two SNPs (MTHFR 677CT and MTHFR 1298AC) and CHD patients and their mothers.
Materials and methods

Literature and search strategy
The PubMed, Embase, Web of knowledge and CNKI (China National Knowledge Infrastructure) database searches were performed to identify all the eligible papers. The search terms were used as the following: (MTHFR or methylenetetrahydrofolate reductase or folic acid) and (variant or polymorphism or SNP) and (congenital heart disease or heart defect or CHD or congenital anomalies). The publication languages were restricted to English and Chinese. Moreover, potentially relevant studies were evaluated by reviewing the titles and abstracts, and studies matching the criteria were carefully retrieved. If more than one study was published using the same data, only the study with a larger population was included. The literature search was updated on January, 31, 2013.
Inclusion criteria and data extraction
The eligible studies should meet the following inclusion criteria: (1) Investigation of association between the MTHFR polymorphisms (including C677T or A1298C or both) and congenital heart disease; (2) a case-control study; (3) providing sufficient data on genotype frequencies of the MTHFR C677T and/ or A1298C polymorphisms and sufficient data for calculation of an odd ratio (OR) with 95% confidence interval (CI). The exclusion criteria were as follows: (1) reviews, case report, editorial or comment; (2) a duplicated study; (3) studies providing insufficient data or data in poor quality; and (4) studies without control. Based on the inclusion and exclusion criteria, data extraction from each study was performed by two authors (Wang, Hou) independently to ensure that the data extraction were accurate. The following information was extracted from each study: (1) name of the first author; (2) year of publication; Abbreviations: OR, odds ratio; CI, confidence interval; P H , p value based on Q test for between-study heterogeneity; HWE, Hardy-Weinberg equilibrium; CD, conotruncal heart defects; ASD, atrial septal defect; PDA, patent ductus arteriosus; PB, population-based; HB, hospital-based.
(3) country of origin; (4) ethnicity of the study population; (5) source of controls (population based or hospital based); (6) sample size of case and controls; (7) types of congenital heart disease; (8) genotype distributions in cases and controls; and (9) whether population involved in the study was in HardyWeinberg equilibrium (HWE).
Statistical analysis
Meta-analysis was performed to evaluate the association between MTHFR polymorphisms and risk of developing CHD. Firstly, crude ORs with 95% CIs were calculated to assess the strength of the correlation between the MTHFR C677T/A1298C polymorphisms (including maternal and fetal) and risk of CHD. Pooled ORs and 95% CIs were calculated for the multiplicative, co-dominant, dominant, and recessive genetic models respectively. The significances of pooled ORs were analyzed by Z tests, and the criteria for statistically significant were p b 0.05. A Q test was conducted to determine the possible heterogeneity, and p b 0.10 or I N 50% indicated an obvious heterogeneity. Pooled ORs (95% CI) were calculated by random effects model (DerSimonian-Laird method) or fix effects model (Mantel-Haenszel method). Subgroup analysis was performed by ethnicity, types of CHD, source of controls and sample size (n b 100 vs. n N 100). Sensitivity analysis were performed to evaluate the stability of the results by removing one case-control study each time to assess the influence of the individual data on pooled ORs. Begg's funnel plot was generated to indicate the possible publication bias. Moreover, the Egger quantitative tests were also performed, and p b 0.05 was considered statistically significant. To obtain reliable data, two authors (Wang, Hou) have performed the statistical analysis independently by using the same data and the programs. Data analyses were performed using STATA version 12 (Stata Corporation, College Station, Texas, USA).
Results
Characteristics of the studies included
Totally, we have identified 288 potentially relevant studies by employing the search strategy described above. Based on obvious irrelevance to MTHFR and CHD in titles, 248 papers from the 288 potentially relevant papers were excluded. After reading the abstracts of the remaining 40 studies, 7 studies were further excluded, as 6 studies were reviews and one study was a duplicated study. To further polish target studies, the remaining studies were reviewed in full text. Of these, 9 studies were excluded, due to insufficient data, data with poor quality or papers without control. After careful screening, 24 eligible studies were finally included in this meta-analysis (Balderrabano-Saucedo et al., 2013; Bozovic et al., 2011; Galdieri et al., 2007; Garcia-Fragoso et al., 2010; Gong et al., 2009 Gong et al., , 2012 Hobbs et al., 2010; Junker et al., 2001; Lee et al., 2005; Li et al., 2005 Li et al., , 2009a Li et al., , 2009b Liu et al., 2005; Peng et al., 2009; Sanchez-Urbina et al., 2012; Shaw et al., 2005; Storti et al., 2003; van Beynum et al., 2006; van Driel et al., 2008; Wang, 2006; Wintner et al., 2007; Xu et al., 2010; Yan and Li, 2003; Zhu et al., 2006) . The search strategy and inclusion/exclusion of studies were shown in a flow chart (Fig. 1) . Among these studies, fourteen studies investigated the maternal MTHFR C677T polymorphism with 1745 cases and 2044 controls and nineteen studies investigated the fetal MTHFR C677T polymorphism with 2697 cases and 3434 controls. In addition, there were 4 studies investigating maternal MTHFR A1298C polymorphism with 432 cases and 532 controls and 5 studies investigating fetal MTHFR A1298C polymorphism with 945 cases and 1074 controls. Concerning Hardy-Weinberg equilibrium, 3 studies were not conformed to HWE. In these papers, 9 studies included both maternal and fetal MTHFR polymorphisms and 5 studies included both MTHFR C677T and A1298C polymorphisms. Moreover, 11 studies were performed in Caucasian and 12 studies were performed in Asian. The general characteristics of the studies included were listed in Table 1 . The genotype and allele distributions of maternal C677T and A1298C polymorphisms in all the studies included were shown in Table 2 . For the fetal polymorphisms, the genotype and allele frequencies of C677T and A1298C were shown in Table 3 .
Quantitative data analysis
For the maternal MTHFR C677T polymorphism, the results indicated no statistically significant association between the polymorphism and the susceptibility to CHD in all genetic models except for recessive model and co-dominant model (T vs. C: OR = 1.103, 95% CI 0.999-1.218; TT vs. CC: OR = 1.254, 95% CI 1.012-1.553; TT + CT vs. CC: 1.105, 95% CI 0.958-1.275; TT vs. TC + CC: OR = 1.235, 95% CI 1.024-1.489) ( Table 4 Fig. 2 ). In the subgroup analysis by ethnicity, no significant association was observed in Asian population in all genetic models except for recessive model (T vs. C: OR = 1.204, 95% CI 0.973-1.490; TT vs. CC: OR = 1.454, 95% CI 0.921-2.295; TT + CT vs. CC: OR = 1.170, 95% CI 0.802-1.707; TT vs. TC + CC: OR = 1.431, 95% CI 1.011-2.024) ( Table 4) . No association was detected in Caucasians in all genetic models. In the stratified analysis by types of CHD, there was a significant association between C667T and ASD/PDA, however, the results were not reliable because only one study was performed in ASD/PDA patients (Table 4 ). In the subgroup of source of control, association was only observed in the recessive model of hospital based control subgroup (TT vs. TC + CC: OR = 1.550, 95% CI 1.106-2.170) ( Table 4 ). In the sample size subgroup analysis, there was no significant association between CHD and maternal C677T in all genetic models of large sample studies. However, we have observed a significant association in co-dominant model and recessive model with small sample studies (Table 4) .
For the fetal MTHFR C667T polymorphism, the overall results suggested a significant association of polymorphism with CHD susceptibility (T vs. C: OR = 1.271, 95% CI 1.178-1.372; TT vs. CC: OR = 1.610, 95% CI 1.374-1.885; TT + CT vs. CC: OR = 1.258, 95% CI 1.120-1.414; TT vs. TC + CC: OR = 1.565, 95% CI 1.370-1.788) (Table 5, Fig. 3 ). In the subgroup by ethnicity, fetal MTHFR C677T was associated with CHD in Asian populations for all genetic models, however, no significant association was found in Caucasian (Table 5 ). In the stratified analysis by types of CHD, significant associations were detected between fetal MTHFR C677T and all types of CHD for all genetic models (Table 5 ). Similar significant association was also observed in CD and ASD/PDA, however, the positive result in CD was not reliable because it was derived from one study. Interestingly, a significant association was observed in hospital based control subgroup rather than in population based control subgroup. By considering sample size, significant results were also found in all genetic models in both small and large sample subgroups (Table 5) .
For MTHFR A1298C polymorphism, the results showed no significant association between this polymorphism and CHD risk in either maternal or fetal groups (maternal: In the subgroup analysis of either maternal or fetal polymorphisms, there was no statistically significant association in each subgroup by ethnicity, types of CHD, source of controls and sample size under all genetic models (Table 6 ).
Source of heterogeneity
As shown in Table 4 , heterogeneity between studies was significant (p b 0.10) under additive, and recessive genetic models for maternal MTHFR C677T. Moreover, evidence for heterogeneity between studies was also found in all genetic models for fetal MTHFR C677T. For the MTHFR A1298C polymorphism, significant heterogeneity was only found in recessive model of maternal polymorphism. No evidence for heterogeneity between studies was detected for maternal MTHFR C677T in the co-dominant and dominant models, for maternal and fetal MTHFR A1298C under all genetic models except for maternal recessive model. Abbreviations: OR, odds ratio; CI, confidence interval; P H , p value based on Q test for between-study heterogeneity; HWE, Hardy-Weinberg equilibrium; CD, conotruncal heart defects; ASD, atrial septal defect; PDA, patent ductus arteriosus; PB, population-based; HB, hospital-based
Sensitivity analysis
In the sensitivity analysis, the overall association between the maternal MTHFR C677T genotype and CHD was not substantially changed by excluding one study at a time (data not shown). Similar results were also found in fetal MTHFR C677T, maternal and fetal MTHFR A1298C.
Potential publication bias
Except for dominant model of fetal MTHFR C677T and co-dominant model of maternal A1298C polymorphisms, no publication bias could be detected by employing Egger's test for studies on maternal MTHFR C677T polymorphism ( 
Discussion
To date, it is known that genetic and environmental risks may be the causes of congenital heart diseases. Importantly, numerous studies have suggested the role of folic acid metabolism in the CHD development (Ueland et al., 2001) . MTHFR is a key enzyme in folic acid conversion process, and its activity may be related with a variety of diseases including CHD (Li et al., 2013; Long et al., 2012) . It was reported that the C677T mutation of MTHFR could render the enzyme thermolabile with approximately 50% reduced activity and increased plasma homocysteine concentrations (Huhta and Hernandez-Robles, 2005) . Therefore, the variants of the MTHFR gene may modulate the activity of MTHFR and may be an important determinant of CHD development. Several studies have reported the potential association between MTHFR polymorphisms (C677T and A1298C) and CHD, however, the results were not consistent (Balderrabano-Saucedo et al., 2013; Galdieri et al., 2007) . Our current comprehensive meta-analysis could better evaluate the association between MTHFR C677T/A1298C and susceptibility of CHD. Two studies have performed meta-analysis in association between MTHFR C677T polymorphism and CHD two years ago (Nie et al., 2011; Yin et al., 2012) . However, the MTHFR A1298C polymorphism was not analyzed in either of the two studies. Moreover, subgroup analysis based methods were not employed in previous studies. We have analyzed the association between MTHFR polymorphisms and CHD by multiple methods in all genetic models and included more recent studies. To our knowledge, this is the first meta-analysis on association between MTHFR polymorphisms and CHD including both C677T and A1298C.
For the MTHFR C677T polymorphism, most studies have indicated that maternal C677T was not a strong risk of CHD, however, some reports have suggested its potential role in CHD development. In our finding, no statistically significant difference was detected in genotype or allele frequencies of MTHFR C677T polymorphism in the mothers of CHD patients compared with controls. Only marginal association between maternal C677T polymorphism and CHD was found in recessive model. The finding was consistent with the previous studies involving both maternal and fetal C677T polymorphism. Particularly, we found a significant association between maternal C677T and CHD in recessive genetic models of Asian subgroup, however, similar result was not observed in Caucasian. This discrepancy of association between Asian and Caucasian groups may be attributed to the different genetic background and environmental factors. Our results have indicated that fetal MTHFR C677T polymorphism was significantly associated with CHD in all genetic models. It was evident that fetal MTHFR C677T polymorphism was an important risk in the development of CHD. To explain the results, we speculated that decreased fetal MTHFR enzyme activity may result in a local hyperhomocystein environment, in which the heart could not develop normally (Lu et al., 2011) . These evidences have supported the viewpoint that fetal MTHFR C677T polymorphism was more important than maternal MTHFR C677T polymorphism, and concentration of homocystein in fetus may influence heart development rather than maternal homocystein concentration. In addition, we found that fetal MTHFR C677T was significantly associated with CHD in Asian, while no statistically significant association was found in Caucasian population. Consistent with the result from recessive model of maternal analysis, the fetal MTHFR C677T was more likely to be associated with CHD in Asian than Caucasian. The results have validated the notion that MTHFR C667T may be in combination with other genetic background and environment factors to affect the fetal heart development. By considering the source of controls, the association between MTHFR C667T polymorphism and CHD was significant in hospital based control group, though, not significant in population based control. The confounding results from two subgroups categorized by source of control have indicated that hospital based and population based control was not homogenous in this study. We believe that the comparability between cases and controls contributes to the disagreement of these two subgroups.
For the MTHFR A1298C polymorphism, we found no statistically significant association between this polymorphism and CHD either in maternal or fetal analysis. Our finding has demonstrated that MTHFR A1298C may not be a risk of congenital heart disease development. However, some studies indicated that the interaction between MTHFR 1298 C allele and folic acid supplement increased the risk of having a child with CHD (van Driel et al., 2008) . Considering that minimal eligible studies included in our meta-analysis, this result should be validated with more studied and large pooled samples in future. In subgroup analysis by ethnicity, only one study was performed in Asian population to investigate fetal A1298C polymorphism and four studies were performed in Caucasian population. Because of the importance of MTHFR polymorphisms in Asian CHD development, we suggest that more studies investigating association between A1298C polymorphism and CHD be performed in Asian population.
Potential study limitations
Although we made these findings in this meta-analysis, there were several limitations. First, our study was mainly based on unadjusted odd ratios, and the potential covariates including gender, age, vitamin supplement, smoking or other environmental factors, which might influence the final results, were unable to control. Second, significant heterogeneity in the study was presented in overall and subgroup analysis. We have investigated the study heterogeneity including geographic region, ethnicity, and source of control. However, none of them was identified as the potential source of heterogeneity between studies by metaregression (data not shown). We estimated that other unknown confounding factors may help explain the between-study heterogeneity. Third, it was known that there were several subtypes of congenital heart diseases. However, only a few studies included in our meta-analysis have classified their cases by types of CHD. To analyze this issue, we need more studies involving CHD cases with clear subtypes.
Conclusion
Despite the limitations mentioned above, the present study has demonstrated that the fetal MTHFR C677T polymorphism is an important risk of developing congenital heart diseases. Our findings also suggest that MTHFR A1298C polymorphism does not increase the susceptibility to CHD. Interestingly, we found that fetal MTHFR C677T polymorphism more likely affects Asian fetus than Caucasian fetus in the development of CHD.
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